Monoclonal antibodies specific for the virus that causes psittacine beak and feather disease (PBFD) were produced by fusing spleen cells from mice immunized with purified concentrated PBFD virus with mouse myeloma cell line Sp2/0. The resulting hybridomas were tested for reactivity against whole purified virus by an enzyme-linked immunosorbent assay (ELISA) system. Four clones, designated 15H8, 8E3, 11G12, and 2C3, were subcloned by limiting dilution. Isotyping indicated that clone 15H8 was secreting IgG, whereas the remaining clones secreted IgM. The secreted immunoglobulins were characterized by reactivity against purified PBFD virus using immunoblotting procedures, by immunohistochemical staining of virus-induced lesions in infected tissues, and by inhibition of PBFD virus agglutination of cockatoo erythrocytes. Antibodies secreted by clones 15H8 and 8E3 had the strongest activity against purified whole virus. Only immunoglobulin secreted by the clone 15H8 could be used to detect viral antigen in infected tissues. None of the monoclonal antibodies had hemagglutination-inhibition activity.
rus antibody to detect virus in an immunoblot assay system. 15 The virus has hemagglutination activity against cockatoo and some guinea pig but not sheep or chicken erythrocytes. 16 Previously, subjective diagnosis of PBFD has required the identification of basophilic intracytoplasmic or intranuclear inclusion bodies in macrophages of the feather pulp or follicular epithelial cells, respect i v e l y . 2 -4 , 6 , 7 , 1 1 -1 5 , 2 3 Immunohistochemical staining with rabbit anti-PBFD virus antibodies has been used to confirm that intracytoplasmic and some intranuclear inclusion bodies observed in hematoxylin and eosinstained tissue sections contain PBFD viral antigen. Because other viruses may result in similar-appearing inclusion bodies, a confirmatory diagnosis of this disease requires the use of virus-specific antibodies to demonstrate PBFD virus antigen. 9, 10 Rabbit anti-PBFD virus polyclonal antibodies can detect PBFD virus antigen; however, these antibody preparations represent numerous immunoglobulins with a wide range of specificities. 9, 10 Attempts to decrease the nonspecific binding of polyclonal sera through affinity purification or extensive adsorption against host tissues have been time consuming and might reduce the titer of the antibody. Also, each succeeding batch of polyclonal antiserum may differ in antibody isotype, and affinity and specificity of desired immunoglobulins for the target antigen. As a result, each lot of polyclonal antiserum must be characterized and standardized before use in established test systems. 9,10 These disadvantages may be overcome using a monoclonal antibody in the test system. This report details the production and preliminary characterization of a panel of monoclonal antibodies to the PBFD virus.
Materials and methods
Purification of antigen. Psittacine beak and feather disease virus was recovered from the skins of Moluccan (Cacatua moluccensii), umbrella (C. alba), and sulphur-crested (C. galerita) cockatoos. Virus was purified by isopycnic and rate zonal centrifugation. After feather follicle tracts were diced with scissors, virus was extracted in phosphate-buffered saline solution (PBS, 0.05 M phosphate buffer, 0.15 M NaCl, pH 7.2) using a tissue homogenizer." The supernatant was clarified by centrifugation (30,000 x g for 20 min, 4 C). b Supernatant was transferred to a 70-ml tube and again centrifuged (46,000 x g, 20 min, 4 C). The clarified supernatant fluid was layered over 45% (w/v) sucrose in PBS buffer and centrifuged (140,000 x g, 2 hr, 4 C) to obtain crude viral pellets. Pellets were resuspended in PBS buffer, adjusted to 1.37 g/ml with cesium chloride, and centrifuged to equilibrium (270,000 x g, 16 hr, 20 C). The gradient was collected with a density gradient fractionator.' Fractions containing virus were dialyzed against PBS, then further purified by centrifugation through linear sucrose gradients (20-60% [w/ v] sucrose) in PBS buffer (270,000 x g, 90 min, 4 C). Gradients were collected as described above. Fractions containing pure virus were dialyzed against PBS then stored at -20 C.
Immunization of mice. Psittacine beak and feather disease virus (50 µg/ml total protein) was emulsified with Freund's complete adjuvant. A female BALB/C mouse was injected intraperitoneally with 8 µg (total protein) of this emulsion. The mouse was inoculated at days 28, 66, 80, and 101 with the same quantity of virus in Freund's incomplete adjuvant. Serum from the mouse was tested for antibody against PBFD virus by enzyme-linked immunosorbent assay (ELISA) 10 days after each booster injection. When the antibody concentrations had reached a reactivity of 1/500,000, the mouse was given a final booster of 8 µg of virus suspension without adjuvant. Three days later, the mouse was euthanitized and its spleen was aseptically removed for cell fusion.
Hybridization and cloning. Spleen cells from the PBFD virus hyperimmune mouse were fused to Sp2/0 cells. For the fusion, 1 x 10 8 spleen cells, and 6-8 x 10 7 Sp2/0 cells were mixed in Iscove's modified Dulbecco medium (IMDM). The cells were pelleted by centrifugation at 400 x g and the supernatant was removed. Fusion of the mouse spleen cells and Sp2/0 cells was initiated by the gradual addition of 0.7 ml of 50% (w/w) polyethylene glycol 1500 (PEG) over 60 sec. After a 90-sec rest period at 37 C, the suspension was gradually diluted with 15 ml of serum-free IMDM then centrifuged at 400 x g. The pelleted cells were resuspended in 90 ml of IMDM containing 20% fetal calf serum and HAT (100 µM hypoxanthine, 0.4 µM aminopterin, 16 µM thymidine) and cultured in 96-well microtitration plates for 14 days. The medium was then changed to IMDM with 20% HT. All 170 populations of cells surviving after 2 wk were presumed to be hybrids. The supernatants from the resulting colonies were tested for antibody activity to PBFD virus by ELISA. Cells from positive wells were transferred to 24-well culture plates for 2 days then retested. Retested wells re-maining positive were cloned by limiting dilution. Microtiter plates (96 well) were seeded with a cell suspension from each positive hybridoma. Each well contained approximately 10-20 cells/ml. The plates were incubated at 37 C in a 95% air, 5% CO 2 atmosphere for 8-9 days. The supernatant from wells containing cells was tested for activity against the PBFD virus by ELISA. Cells were tested through 2 successive clonings. Clones that continued to secrete PBFD virus antibodies were expanded to 1 liter in RPMI with 5% fetal calf serum (Roswell Park Memorial Institute modified McCoy's 5A medium). Cells were collected, divided into 250-ml flasks, and frozen in liquid nitrogen. After 3-5 days, 1 flask from each clone was thawed, cultured, and screened for production of PBFD virus antibodies by ELISA.
ELISA screening. Microtiter plates were coated with 50 µl of purified PBFD virus (250 ng total protein) in carbonate buffer (pH 9.6) and incubated for 1 hr at 37 C. The wells were washed 3 times in Tween 20-PBS (TPBS, pH 7.3, 0.05% Tween 20) and then incubated overnight at 4 C in the same buffer. After the overnight incubation, the wells were washed 3 times with TPBS, and 50-µ1 portions of supernatant from the hybridomas or clones were added to each well and incubated for 30 min at room temperature (23 C). The wells were washed 3 times in TPBS, biotinylated rabbit anti-mouse immunoglobulin was added to each well, and plates were incubated for 30 min at room temperature. Each well was washed 3 times in TPBS. Streptavidin-alkaline phosphatase c was added to each well and the plates were incubated for 30 min at room temperature. After the plates were washed 3 times with TPBS, 50 µ1 of chromagen (p-nitrophenyl phosphate)' was added to each well and plates were incubated for 15 min at room temperature. The intensity of the color reaction was determined spectrophotometrically at 405 nm. A set of known positive and negative controls was included on each plate. Samples were considered positive for PBFD virus antibodies when their absorbance values were 0.2 above the negative control.
Purifying immunoglobulins and isotyping. Immunoglobulins from the supernatant of each clone were recovered by ammonium sulfate precipitation. 5 The purified immunoglobulins were stored at -70 C. Isotyping was performed upon purified immunoglobulins from each clone with a commercial isotyping kit d according to the manufacturer's directions.
Immunoblotting. Viral antigens were detected immunologically by spotting purified virus suspensions (250 ng total protein) onto nitrocellulose filters (0.45 µm pore size). e Filters were washed repeatedly with Tris-saline then soaked in this buffer for 30 min. The nitrocellulose filter was placed in a miniblot apparatus f for loading of antigen. After 50 µ1 of purified virus (250 ng total protein) was added to each test well, plates were incubated at room temperature for 30 min. The wells were washed 4 times with TPBS. The membrane was then removed from the apparatus, washed twice in TPBS, and blocked 30 min at room temperature in this buffer. The membrane was then placed back in the apparatus. A dilution of the supernatant from each clone (undiluted, 1:10, 1:100, 1:500) or purified immunoglobulin from each clone (1:10, 1:100, 1:500) was added to the antigen-spotted wells, and plates were incubated for 30 min. Filters were washed 3 times in TPBS. The membrane was then removed from the loading apparatus, washed twice in TPBS, and incubated in biotinylated rabbit anti-mouse immunoglobulins c (16,000 dilution) for 30 min. The membranes were washed 4 times in TPBS and incubated in streptavidin-alkaline phosphatase for 20 min. Membranes were developed with 5-bromo-4-chloro-3indolyl phosphate and nitro blue tetrazolium (BCIP/NBT Kit) c according to the manufacturer's directions. Normal mouse serum was used as a negative control. One clone did not continue to secrete PBFD virus-specific antibodies after the initial limiting dilution, and its antibodies were subsequently used in all tests as a negative control. A 1:10,000 dilution of hyperimmune mouse serum was used as a positive control.
Immunohistochemical testing. Immunohistochemical staining was performed by the avidin-biotin complex immunoperoxidase (ABC) technique using a commercial kit. g Tissue sections containing intranuclear and intracytoplasmic inclusion bodies suggestive of PBFD virus were placed on slides coated with poly-L-lysine and dried overnight at 60 C. Tissue sections were subsequently deparaffinized, rinsed in deionized water, and treated for 15 min with 3% hydrogen peroxide to quench endogenous peroxidase activity. The tissue sections were rinsed in PBS, and nonspecific staining was reduced by application of normal rabbit serum. Following blotting, the primary immunoglobulins were applied at a dilution of 1:100. Sections were incubated overnight at 4 C. The slides were rinsed in PBS, rabbit anti-mouse immuno- globulin was applied (1:200 dilution), and the sections were incubated for 30 min at room temperature. After another rinse in PBS, the ABC reagent was applied and the sections were incubated at room temperature for 1 hr. Tissue sections were again rinsed in PBS then developed for 6 min in a freshly prepared solution of hydrogen peroxide and diaminobenzidine substrate. h Following a final rinse in deionized water, the sections were counterstained with hematoxylin, dehydrated, and examined. Positive staining was indicated by the presence of a brown pigment. Negative controls for each specimen were run by eliminating application of the primary antibody and substituting normal mouse serum at a 1:100 dilution.
Hemagglutination inhibition (HI) test. Blood from a goffin cockatoo (C. goffini) was collected in Alsever's solution, taking care to prevent clotting. Cells were stored at 4 C for not more than 1 wk. Erythrocytes were washed 3 times in PBS and were resuspended in the same buffer to a 25% stock solution. Cells were diluted in PBS to a 0.75% working dilution and were used immediately. Tests were performed in 96-well plastic round-bottom plates. Purified immunoglobulins from each clone were diluted 2-fold in PBS from an initial dilution of 1:2. Two-fold serial dilutions were made in a U-bottom plastic microtiter plate. An equal volume (50 µl) of a 1:200 dilution of purified PBFD virus was added to each serum dilution. After a 30-min incubation period at room temperature, 100 µ1 of 0.75% cockatoo erythrocytes was added to each well. Tests were read after the control cells formed a clear button, usually after 30-45 min at room temperature.
Results
The fusion of spleen cells from a PBFD virus hyperimmune mouse with hybridoma cell line Sp2/0, which neither secretes nor internally synthesizes murine immunoglobulins, 18 resulted in the isolation of 170 hybridomas. Following subcloning and expansion, three clones, 5H8, 8E3, and 11G12, continued to secrete antibody to the PBFD virus that could be detected using an ELISA system. The 2C3 clone did not continue to secrete PBFD virus antibodies after the initial limiting dilution, however, and antibodies produced by this clone were used in all test systems as a negative control. Using a commercial isotyping kit, clone 15H8 was found to secrete IgG, whereas the other clones secreted IgM (Figs. 1, 2) .
Immunoblotting of viral antigen loaded onto nitrocellulose strips demonstrated that culture supernatants from clones 8E3 and 11G12 would react with PBFD virus when used undiluted. Supernatant from clone 15H8 reacted with viral antigen when diluted to 1:100 ( Fig. 3 ). Following immunoglobulin purification and concentration by salt precipitation, immunoglobulins from 8E3 and 11G12 had activity against PBFD virus at a 1:10 dilution. Immunoglobulins from clone 15H8 would react with PBFD virus when diluted to 1:500 ( Fig. 4) . In both immunoblot assay systems, normal mouse serum and antibodies from 2C3 were used as negative controls, and PBFD virus hyperimmune mouse serum at a 1:10,000 dilution was used as a positive control. None of the purified immunoglobulins from any of the clones had HI activity using cockatoo erythrocytes.
Immunohistochemical techniques were used to test immunoglobulins from each clone for activity against PBFD virus-induced lesions in infected feather follicles. Clone 15H8 secreted IgG, which recognized PBFD viral antigen in infected tissues (Fig. 5 ). The remaining IgM immunoglobulins did not produce discernible staining.
Discussion
Monoclonal antibodies have several advantages over standard polyclonal antisera, including specificity for a single epitope and the potential for unlimited production of standardized, well-characterized antibodies over a number of years. 1, 8 The purpose of this research was to produce monoclonal antibodies to the PBFD virus and to document their activity against purified virus and their reactivity with PBFD viral antigen in histologic sections. Anti-PBFD virus antibodies secreted by 3 clones reacted with purified virus in an immunoblot assay. One of the clones, 15H8, produced antibody that reacted with PBFD viral antigen with immunohistochemical staining techniques.
Immunohistochemical confirmation of inclusion bodies in patients suspected of having PBFD is required for an accurate diagnosis. 9,10 Monoclonal antibodies generated against PBFD virus will facilitate the development of a standardized test to ensure the accurate diagnosis of virus-induced lesions, will aid in the detection of virus-infected cell cultures where the cytopathic effects may be minimal, will allow for the rapid recovery of virus from infected tissues through the use of affinity purification techniques, and will aid in further characterization of the proteins associated with the PBFD virus. 
